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The  Effects  of  Sipercriticail  Fluids  on  Hi^  Performarce  tolymers 


I.  INIFDCIUCTION 

A.  Background 

Hi^  performance  polymers  in  current  use  have  achieved  a  renaricable 
degree  of  ballistic  protecticn.  In  spite  of  this  achievement,  the 
performance  chciracteristics  of  many  of  these  polymers  fall  considerably 
below  theoretic2Llly  predicted  levels^.  There  is  ooTsiderable  room  for 
inprovement  in  the  prioperties  of  bedlistic  polymers  in  terms  of  chemical 
design,  morphology,  and  fabvication  changes  for  existing  and  new  polymer 
structures. 

Presently  hi^  performance  fibers  are  solution  spun  from  polymers  that 
are  nearly  intractable.  The  arcmatic  polyamides,  which  are  solution  spun 
frcm  concentrated  sulfuric  acid,  are  cm  exanple.  The  range  of  suitable 
solvent  systems  and  ocxiditions  for  spinning  these  fibers  is  obviously 
limited  and  there  is  little  opportunity  to  utprove  fiber  properties  beycwid 
what  has  edready  been  achieved  during  the  spinning  process  with 
conventional  technology. 
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B.  (S3j®ctive 

Ihe  project  objective  is  to  evciluate  approaches  to  using  si^aercritical 
fluids  (SCF)  eis  a  route  to  expeinding  the  peirameters  available  for  fiber 
fabrication  and  inproving  the  perforttanoe  properties  of  existing  polymeric  ira 
terials.  .Specifically,  the  research  is  intended  to  eaqjlore  Vcirious 
aspects  of  SCF  technology  in  order  to  form  a  basis  fron  which  further 
research  on  the  enhancement  of  ballistic  properties  can  be  acccrplished. 

This  preliminary  study,  therefore,  is  not  ccrprehensive  but  it  identifies 
areas  of  high  potenticil  for  further  work. 

C.  Supercritical  Fluids,  Background^ ' ^ 

Supercaritical  fluids  are  either  solvents  or  solvent/solute 
cotnbinations  that  have  been  subjected  to  ocaiditions  of  tenperature  and 
pressure  beyond  their  critical  point.  A  way  of  physically  r^resenting 
this  fhenomenon  is  to  ocnsider  an  enclosed  (ocxistant  volume)  ocHitainer 
that  contains  a  liquid  and  its  Vcpor.  As  the  temperature  of  the  liquid  is 
increeised  the  pressure  and  density  of  the  system  including  the  vcpor  above 
the  liquid  increases.  At  sufficiently  high  pressure  the  density  of  the 
vapor  above  the  liquid  increases  to  the  point  vhere  it  equals  that  of  the 
liquid.  At  this  point,  the  critical  point,  there  is  no  boundary  or  phase 
distinction  between  the  liquid  and  the  vapor  and  the  material  in  the 
container  is  ocnmonly  described  as  a  fluid.  Ihe  fluid  does  not  exhibit 
the  preperties  of  a  true  liquid  or  a  vapor;  hewever,  it  possesses 
properties  of  both  phases. 


Fluids  abcve  their  caritical  point  show  very  large  changes  in  density 
with  very  small  ctanges  in  pressure.  The  solvent  power  of  a  si;?)ercritical 
fluid  is  a  direct  functicn  of  its  density  eind  it  should,  in  theory,  be 
possible  to  obtain  conditions  of  hi^  solubility  with  only  sanall  changes 
in  the  pressure  of  the  sysfceni.  Additionally,  the  viscosity  and 
diffusivity  properties  of  supercritical  fluid  systems  are  more  like  those 
of  a  gas  than  a  liquid  and  attainment  of  equilibrium  solvation  is  more 
rapid  under  these  conditions. 

The  tesiperatures  and  pressures  required  to  reach  the  critical  point 
for  many  solvents  zune  not  unreascovibly  hi^  (Table  1) .  One  factor  tliat 
should  be  borne  in  mind  is  that  the  criticail  ooTstants  of  these  solvents 
may  change  as  the  oonpositicxi  of  the  system  (solute/solvent)  changes  and 
it  would  then  be  neoessaary  to  make  changes  in  the  physical  parameters  to 
preserve  the  supercritical ity  of  the  system. 

Table  1 

Critical  Temperatures  euid  Pressures 
for  Various  Solvents 

Solvent  Temp  °C  P(psig;' 


Frecxi  23 

26.9 

690 

Cait>c»i  dioxide 

31.0 

1072 

Nitrous  oxide 

36.5 

1054 

Ethylene 

9.9 

742 

Argcxi 

-122.3 

706 

Acetonitrile 

275 

698 

Methanol 

240 

1154 
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D.  Uiree  Approaches 

Our  approach  hcis  been  to  examine  the  ability  of  a  variety  of 
si^jercritical  fluids  to  interact  with  vcurious  hi^  polymers,  prepolymers 
and  mOTomers.  Ihe  aim  is  to  develop  informaticai  about  the  parameters 
necesscuy  to  dissolve,  extract,  aind  polymerize  these  mater icils  in  an 
attenpt  to  ijiprove  ballistic  properties.  Ihe  approach  focuses  an  three 
major  lines  of  investigation. 

The  first  is  to  determine  vAiether  various  polymeric  mater  icils  can  be 
solubilized  by  treatment  with  supercriticcil  fluids.  If  this  is  feasible, 
it  mi<^t  be  possible  to  dissolve  even  relatively  intractable  polymers, 
such  as  those  used  for  the  various  eiramids  (e.g.  Kevlar^^^),  eind 
solution  spin  fibers  from  the  supercrritic2Ll  fluid.  Ihis  technique  would 
allcw  ocaTsiderable  latitude  in  selection  of  the  fiber  spinning  pjarameters. 

A  second  cirea  of  investigation  is  to  examine  whether  extracticn 
under  supiercritical  fluid  conditicns  can  lead  to  changes  in  the  tensile 
properties  of  existing  fibers  eind  fabrics.  Possibly,  the  removal  of  low 
molecular  wei(^t  materieils,  monoriers  eind  oligomers,  would  allcw  better 
orientation  of  the  main  polymer  chains  eind  lead  to  increased  performeince. 
It  is  unkncwn  and  must  be  determined  whether  this  type  of  treatment  mi^t 
be  expected  to  reduce  free  volume  within  the  polymer  eind  lead  to  decreeised 
tensile  strength  under  impact  loading.  If,  in  fact,  ein  extractive  process 
does  decrease  the  performance  properties  of  the  fiber,  it  would  be 
worthwhile  to  investigate  whether  lubricating  additives  could  be  added  by 
the  supercritical  fluid  process  to  increase  free  volume. 
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Ihe  third  area  to  be  investigated  is  whether  actual  polymerizations 
can  be  carried  out  vAiile  the  reactants  are  in  the  supercriticcil  state. 

With  this  technique  premature  precipitation  of  the  developing  polymer 
chains  would  be  prevented,  thereby  increasing  molecular  v^i^ts  zuid 
producing  narrow  molecular  weight  distributions.  As  with  other  aspects  of 
supercritical  fluid  interaction  with  polymers,  very  little  work  has  been 
done  in  this  area.  CJnly  recently  was  the  first  report  of  a  polymerization 
reaction  in  a  supercriticed  fluid  reported'*.  Free  radical 
polymer izaticn  of  polystyrene  was  conducted  in  supercriticcil  ethylene. 

The  experiment  permitted  ocxitrol  of  chain  growth  auid  precipitation 
rates.  With  our  supercriticed  fluid  system  it  would  be  interesting  to 
determine  if  various  condensation  polymerizaticx^  can  be  carried  out. 

This  resezuxh  is  expected  to  lead  to  the  formation  of  polymer/soluticn 
dopes  of  polyamides  and  other  polymer  types  that  mi<^t  be  useful  for 
direct  spinning  of  high  performance  fibers. 
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II.  EUPERCRITICM.  FLUID  FIXJW  EXPERIMENTS. 

A.  ^paratus 

The  apparatxis  used  for  si^sercriticad  fluid  flow  experiments  is 
diagramed  in  Fig.  1.  In  all  of  the  preliminary  experiments  described  in 
this  r^)ort,  caj±on  dioxide  (Med-Tech,  Tank  #CX-1788)  was  used  as  the 
fluid.  Liquid  carbon  dioxide  W2is  led  from  a  tank  throui^  a  heated  tube  to 
a  puitp  (Superpressure  Inc.,  Silver  Spring,  MD,  Catalog  No.  46-13421).  The 
punp  was  capable  of  developing  pressures  with  either  liquids  or  gcises  up 
to  10,000  psi.  CcH^trol  of  the  pump  was  by  an  electrical  relay  that  was 
actuated  by  a  pressure  gauge  located  between  the  saitple  cell  and  the  vent 
trap.  The  outlet  from  the  punp  was  led  throui^  hi(^  pressure  stainless 
steel  tubing  to  a  surge  tcink,  which  was  externally  heated  by  heating 
cables.  The  tenperature  of  the  surge  tank  was  adjusted  so  that  the 
conditions  inside  the  surge  tank  were  above  the  critical  point  for  the 
solvent  in  use.  Ihis  insured  that  the  fluid  entering  the  sanple  cell, 
vbich  was  attached  to  the  surge  tank  with  heated  stainless  tubing,  was  at 
or  above  the  criticcil  point  \^en  it  entered  the  cell. 

The  sample  cell  was  a  threaded  stainless  steel  cylinder  (Autoclave 
Engineers,  Inc.,  20F-16463,  800-0646,  M.A.W.P.  20,000  psi,  316-SS)  c^ped 
at  eacda  end.  It  had  ein  inside  diameter  of  ISmm  and  length  of  200ntn  eind 
was  externally  heated.  The  exit  of  the  sample  cell  led  into  a  vent  trap 
which  allcwed  for  collection  of  extracted  material  where  appropriate.  The 
effluent  of  the  trap  ran  thrcxK^  a  flew  meter  that  could  provide  a  reeiding 
of  total  gas  flew  for  the  run.  The  final  exit  of  the  system  was  into  a 


fume  hoed. 
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Figure  1 .  Supercritical  fluid  flow  apparatus. 
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B.  Supercritical  Fluid  Extraction  Procedure  for  Fibers. 

Hie  extraction  procedure  for  fibers  was  as  follows.  In  a  typiceil  run 
the  sample,  1-2  g  in  the  form  of  a  yam  wound  onto  a  strip  of  aduminum 
foil,  was  wei<^ed  and  then  plaoed  into  the  sample  cell.  Supercritical 
carbon  dioxide  at  900-1200  psi  vras  introduced  into  the  cell,  v*iich  was 
maintained  at  40-50°C.  Tue  SCF  cartxin  dioxide  solvent  was  allowed  to 
slowly  bleed  into  the  vent  trap  during  a  six  hcxir  period.  After  the  run 
the  sample  was  again  weired,  conditioned  to  standard  tenperature  and 
humidity,  cind  break  tested  using  a  procedure  discussed  later.  No 
significant  amount  of  residue  was  noted  in  the  vent  trap  for  any  of  the 
runs. 


C.  Mater icils  Used 


Two  samples  of  Kevleu:,  a  fully  arxanatic  polyamide  fiber,  were  provided 
by  DuPont: 

Kevlcu:-29  yam,  1500  denier,  old,  and 
Kevleu:-29  yam,  1500  denier,  new. 

Ihe  differences  between  old  and  new  samples  were  screwhat  obscure.  It 
has  been  noted  by  workers  at  the  Individual  Protection  Direcrtorate  (IPD) 
Natick,  that  older  saitples  of  Kevlcu:  may  have  been  pr^>ared  by  a  sli^tly 
different  spinning  process  than  more  recent  material.  Ihe  predominant 
manifestation  of  the  suspected  differences  in  these  samples  was  increeised 
tensile  strength  for  the  new  Kev’^laur  material.  It  wcis  unkncwn  whether  the 
tensile  difference  was  due  to  an  ageing  effect  or  was  ein  inherent  property 
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of  tlie  matericil  at  the  tijne  of  fabrication.  It  was  of  interest  to 
determine  whether  SCF  extraction  wculd  have  an  effect  on  the  two  types  of 
materials. 

D.  Static  Tensile  Testing^ 

Tensile  testing  was  conducted  on  an  Instron  Tensile  Tester  using  a 
0-100  lb  cell  fitted  with  Kallaway  Clasps.  Tests  were  run  on  10  inch 
sanples  of  yam  drawn  at  a  rate  of  12  inches  per  minute^.  Ihe  tensile 
testing  results  are  summarized  in  Table  2.  Ihe  values  given  in  the  table 
are  the  averages  of  five  tests. 

Sanples  of  early  productioi  1500  denier  Kevlar  yams  were  extracted 
under  identiceil  SCF  conditions  using  carbon  dioxide  as  SCF,  Pressure: 
900-1200  psi,  Tenperature:  40-50°C  and  six  hour  extraction  time.  A 
difference  was  noted  between  the  early  production  and  current  production 
sanples  vhen  extracted  with  the  same  ccnditicxTs.  Ihe  current  naterial  was 
essentially  unaffected  by  the  extraction,  but  the  eeurly  material  showed 
ocnsiderable  decrease  in  breaking  strength. 

TABLE  2 

Static  Breaking  Tests  for  Kevlar-29 
Initial  Experiments 

Breaking  strencrth 

Run  # _ Sample _ control _ extracted _ tchange 

1.  Revlar-29  1500D  (old)  49.4  48.1  -2.6 

2.  Kevlar-29  1500D(new)  57.7  57.3  -0.7 
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E.  Ballistic  Testing  of  Kevlar  Yams. 

Ballistic  properties  of  early  and  current  producticai  Kevlar-29  sanples 
v^ere  measured  by  the  Individual  Protect icai  Directorate^  (IPD)  on 
materieil  before  emd  after  SCF  extraction  with  carbon  dioxide.  Ihe  results 
of  these  bests  are  presented  in  Table  3  and  the  actual  stress  strain 
curves  and  inpact  data  for  new  Kevlar-29  yam  eire  presented  in  Fig.  2. 


TABLE  3 

Belli  istic  Properties  of  Kevlar-29  Saiiples 


Fiber  Tvoe 

Unextracrted 

"Old  Control" 

Extracted 

"New"  Run  4  "Old" 

Yam  Size,  Denier 

1520 

1530 

1515 

Inpact  Velocity,  nv/s 

312.7 

313.5 

313.5 

Breaking  Tenacity.  q/Den 

10.1 

11.3 

12.0 

Brea3dng  Elongation,  % 

2.5 

2.6 

2.3 

Time  to  Breeik,  micro  s 

125 

125 

125 

Strain  Wave  Velocity,  m/s 

6770 

6770 

6770 

10 


Oscilloscope  txaoe  of  yam:  Force  vs.  Tine 


High  speed  photograph  of  impacted  yam  used  in 
measurement  of  yam:  Extension  vs.  Time 

Figure  2.  Ballistic  stress-strain  curves. 
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The  results  of  the  beillistic  iirpact  tests  (Table  3)  shew  sliest 
iixrrecises  in  the  breaking  tenacity  for  the  "old"  extracted  sciirple  eind  a 
sli^t  decrease  in  elcaigaticai.  It  remains  to  be  determined  whether  these 
vedues  based  on  a  single  test  cire  a  vaLLid  r^resentation  of  the  properties 
of  the  whole  sairple. 

III.  SUPERCRITTCAL  FIjJID  STATIC  EXFERIMEI7IS 

A.  Apparatus 

In  order  that  a  range  of  solvent  systems  could  be  screened  rapidly  and 
efficiently  with  various  polymers,  it  Wcis  advantageous  to  make  use  of  ein 
apparatus  that  did  not  rely  on  an  external  flew  concept.  A  600  mL  Parr 
Pressure  Reactor  was  adapted  by  removing  the  stirring  paddle  and  inserting 
a  solid  plug  into  the  stirrer  opening.  A  stainless  steel  condenser  loop 
was  setip  inside  the  chamber.  When  air  was  passed  through  the  loop  the 
supercritical  fluid  in  the  reactor  became  more  dense  due  to  cooling  eind 
was  directed  onto  a  saitple  held  in  a  sintered  glass  filter  funnel.  The 
sairple  could  then  be  continuously  extracted  with  the  supercriticcil  fluid. 

B.  Procedure. 

The  polymer  sample  was  weired  and  added  to  the  sintered  glass  funnel. 

12 


Ihe  saonple  was  plaoad  Into  the  reactor  chaniber  emd  approxinately  75  mL  of 
solvent  was  added.  Methanol  was  the  only  solvent  used  for  the 
preliminary  runs.  After  2dditiGn  of  the  polymer  and  solvent,  the  reactor 
was  seeded  and  heated  to  the  critical  point  of  the  solvent  lAiile  eux  was 
blown  thrcu^  the  condenser  loop.  After  the  run  time  was  over,  the 
reactor  vas  cooled,  opened,  and  the  oontaits  were  evaluated  (^meditatively 
for  solubilization  of  the  polymer. 

C.  Materials 

The  following  materials  were  weicfied  and  placed  into  the  reaction 
chemobcr. 

Nylcxi  6,6; 

Pellets 

Aldrich  Chemical  Co.  (#18,112-9) 

Nylon  6: 

Pellets 

Alcirich  Chemical  Ch.  (#18,111-0) 

Kevlar  Fabric 

D.  Sairple  Treatment  Schedule. 

The  treatment  schedule  for  the  sanples  is  listed  in  Table  4. 
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TABLE  4 


Static  Treatment  CcxiditicaTS 

#  Sanple  Wt.  (g)  Press,  (psi)  Teaorp.  (°C)  Time  (h) 


1. 

Nylon  6,6 

4-5 

1000 

250 

2 

2. 

Nylon  6,6 

1.08 

1000 

245-252 

2 

3. 

Nylon  6 

1.66 

1120 

250 

2 

4. 

Ke\'^lar  Fabric 

1.44 

1100 

250-255 

14 

E.  Results  and  Discussion, Phase  I 

Ihe  results  of  Run  1.  were  inconclusive  because  parts  of  the 
reaction  chamber's  bcnfc  head  were  contaminated.  A  hard  grey-brc*/.’r.  residue 
was  left  in  the  filter  funnel  that  had  contained  the  sanple,  and  we 
presumed  that  this  had  come  from  the  contaminated  bomb  head  and  not  from 
the  polymer.  Run  2  was  essentially  the  same  as  Run  1  exc^jt  the  bomb  head 
was  cleaned  and  a  smaller  sanple  was  used.  Ihe  results  from  this  run  were 
unejpected  in  that  edl  of  the  polymer  sanple  had  been  dissolved  by  the 
methanol  and  a  brown  filtrate  remained  in  the  bottom  of  the  reactor.  The 
filtrate  had  a  strong  odor  of  amine  and  subsequent  tests  indicated  that 
methanolysis  of  the  polymer  had  taken  place. 

This  is  an  unusual  reaction  for  amides,  especieilly  polyamides.  If, 
in  fact,  ccmplete  methcuiolysis  of  the  polymer  has  been  achieved  this  fact 
has  inportant  inplicaticris  for  polymer  reprocessing.  Degradation  of  a 
condensation  polymer  such  as  a  polyamide  to  its  monomer  by  a  sinple  and 
efficient  process  would  be  very  useful  for  recycling  these  polymers.  It 
may  also  be  possible  with  this  process  to  degrade  mixtures  of  waste 
polymers  or  copolymers  (e.g. ,  amides,  esters,  etc.)  to  their  monomers, 
then  sepctrabe  the  monomers  and  repolymerize  them  into  useful  materials. 

A  similar  result  was  observed  for  nylon  6  (Run  #3) .  The  entire 
sample  was  dissolved  cind  a  golden-brcwn  solution  resulted  with  a  sli^t 
amine  odor.  In  this  case  the  methanolysis  product  expected  is  the 
amino-ester  of  the  original  monomer. 


The  Kevlar  fabric  sample  was  ocnslderably  more  resistant  to 
supercritical  methanol.  Only  1.5%  of  the  sample  was  eictracted  under 
considerably  more  severe  conditions.  However,  even  in  this  case  an  amine 
odor  was  noticed,  which  may  have  bean  due  to  the  formation  of 
para-phenylenediamine .  (See  section  IV,  below,  on  depolymerization.) 

IV.  HftSE  II  WCm. 

A.  Yam  Extractions  with  Frecxi^^^  and  carbon  Dioxide. 

Extracticais  of  hi^  tensile  yams  were  (xntirued  with 
ultra-hi^-density  polyethylene  (UHDP) .  Spectra  900  fibers  made  of 
UHDP  were  extracted  with  Freon  23  (Fluoroform)  in  the  Parr  bcnh  zpparatus 
and  with  carbcn  dioxide  in  the  flow  apparatus  in  order  to  determine 
vhether  pregelation  of  the  fiber  could  be  achieved. 

Spectra  fibers  were  wound  around  a  sample  holder  frame.  The 
sample  was  placed  into  the  reactor  bomb,  sealed,  and  cooled  in  dry 
ic3e/aoetone.  The  FTeon  was  then  allowed  to  cxxidense  in  the  cooled  bcnh 
over  a  15  minute  period.  The  Frecxi  cylinder  was  disconnected  and  the  bomb 
was  heated  to  its  critical  tenperature,  30^C.  The  pressure  rose  above 
the  criticeO.  point  to  700  psi  and  was  held  for  approximately  an  hour.  It 
vas  then  cooled  to  room  tenperature  euid  excess  pressure  released. 

After  treatment  the  fiber  samples  were  visually  unchanged.  They 
were  then  tensile  tested.  The  test  data  indicated  a  sli^t  increase  in 

breaJcing  strength  over  the  control  sample  (Table  5) . 
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Spectra  900  cird  Spectra  1000^^^  fibers  were  eilso  extracted  with 
cartxDn  dioxide  at  lew  cind  high  tenperatures.  The  conditicxis  used  were 
40-50°C  cind  900-1200  psig  for  the  low  teaiperature  extractions  and 
80-90°C  and  1800-2100  psig  for  the  hi^  tenperature  extracticais.  No 
visible  changes  were  observed  in  the  extracted  fibers.  Tensile  testing 
data  are  shewn  in  Table  5. 

Fhotondcrogr^iis  were  obtained  for  these  fibers  in  order  to 
investigate  vhether  gelation  had  occurred.  Ihe  photcmicrographs  of  the 
carbon  dioxide  treated  Spectra  fibers  shewed  no  significant  ehcinges.  It 
was  of  interest  to  note  the  banding  features  that  oecurred  periodically 
along  the  fibers.  The  bands  look  like  kinking  in  a  surface  coating  on  the 
fiber;  hewever,  they  aire  more  probabj.y  due  to  effects  caused  by  the 
spinning  process.  No  other  evidence  of  a  coating  was  found  for  the 
fibers. 

TABI£  5 

Breeik  Strength  for  Fibers  Extracted 
with  carbon  Dioxide  and  Freon 


SaitiDle 

control 

extracted 

Diff. 

Spectra  900  -Freon  23 

55.9 

57.3 

2.5 

Spectra  900-CD2 

51.3 

56.0 

9.2 

Spectra  1000-CX)2 

24.0 

26.3 

9.6 

Spectra  900  Naphthalene 

55.9 

57.8 

3.4 
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Figure  3.  Untreated  Spectra  1000. 


B.  SCr  Infusicxi  of  Additives  into  Ultra-Hiq^i-Density  Polyethylene 


Fibers. 


It  was  of  interest  to  determine  the  effect  of  additives,  introduced 
by  SCF  conditions,  on  hi^  tensile  fibers.  Naphthalene  was  chosen  as  a 
tried,  additive  and  weis  e^qiected  to  infuse  into  the  oriented  fiber  to  act 
as  a  lubriceint  between  polymer  chains. 

The  naphthalene-treated  Spectra  fibers  were  prepared  by  innersicn 
in  a  10%  solution  of  naphthalene  in  chloroform.  The  fibers  were 
withdrawn,  air  dried,  and  placed  into  the  supercritical  flow  apparatus. 

The  temperature  of  the  (cell  was  set  to  a  cxx^stant  40°C  \»hile  carbon 
dioxide  was  let  into  the  cell.  The  pressure  reached  1500  psi  and  was  held 
for  five  hours.  Then  the  carbon  dioxide  solvent  was  slowly  bled  throu^ 
the  apparatus  for  an  hour  while  holding  the  pressure  at  1500  psi.  The 
sanples  were  visibly  unchanged.  The  breaking  strength  of  tliese  fibers  was 
similar  to  that  observed  with  fibers  extracted  with  Freon.  In  both  cases 
the  strength  was  increased  over  the  (control  sanple.  At  first  we  felt  the 
increased  strength  may  have  been  due  to  the  intended  lubrication  effect 
and  that  naphthalene  as  well  as  Freon  had  penetrated  the  fiber  structure. 
However,  an  even  greater  increase  in  tensile  strength  was  found  for  the 
sanples  extracted  with  carbon  dicsxicJe.  It  does  not  seem  likely,  in  the 
case  of  (carb(cn  dioxide,  that  an  additive  effect  is  the  mechcinism 
re^xmsible.  Possibly  the  fibers  under  the  influence  of  the  supercritic:al 
solvent  have  achieved  greater  ori^tation.  Another  pcassibility  is  that 
the  fibers  cxatracted  during  the  SCF  treatment  and  the  effective  diameter 


increased. 
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C.  Si?5ercritical  Teactile  Dyeing  Stxidiee 

To  determine  if  textile  c^ing  oould  be  carried  out  under  SCF 
conditions,  a  woven  saitple  ocnposad  of  test  strips  of  vzurious  fibers 
subjected  to  SCF  carbai  dioxide  along  with  several  ctyes. 

The  eaq^eriment  was  conducted  as  follows:  A  piece  of  tlae  test  fabric 
(Table  6)  was  rolled  into  a  tube  resting  on  a  piec*  of  glass  wool  vhich 
had  the  dye  deposited  on  it.  The  fabric,  glass  wool  and  sanple  were 
placed  into  the  SCF  flow  cell  (Figure  1  insert)  and  carbon  dioxide  was 
cillawed  to  flow  into  the  cell  at  a  predetermined  taiperature.  The 
pressure  was  raised  to  the  desired  level  and  held  for  various  time 
periods.  The  outlet  was  opened  sli^tly  at  the  outset  to  bleed  sane  of 
the  solvent.  The  z^jpearanoe  of  dye  in  the  exiting  solvent  indicated  that 
the  dye  was  soluble  and  mobile  within  the  SCF  cell.  The  actual  sanple 
treatment  parameters  are  presented  in  Table  7. 
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TABIE  6 


Test  Strip  Paries 


Acetate 

Acrylan 

Arnel-Trioot 

Ootton 

Creslan 

DeKmron  54 

Dynel 

Nylon  6,6 

Orion  42 

Silk 

Viscose 

Wool 

Zefran 

TABLE  7 

Sanple  p/eing  Treatment  Parameters 
Run  Sanple  Dye*  Temp.  (®C)  Press,  (psi)  Time  (h) 

L.  TEST  STRIP  FABRIC  A  50  3000  2 

2.  '•  A  90  4500  2 

3.  ”  S  50  3500  2 

V  60  4500  2 

5.  KEVIAR  S  50  3500  2 

6.  "  S  50  1450  2 

*  Dyes  used  were:  (A)  para-toluyl-l ,  4-diamijx>anthraquir>one 

(S)  Acid  Blue  40 

(V)  Vat  Golden  Orange  3G 
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Of  the  SCF  executions  used  in  the  dyeing  stuc^,  only  the 
anthrequincee  dye,  in  Run  3  suacxssfully  dyed  the  test  strip.  Die  fabric 
t^pes  dyed  under  these  conditions  were  Zefren^^^ ,  Visoose^®^ ,  nylon, 
end  Dacron  . 

Die  Kevlar  sanple  was  only  stained  at  the  fiber  edges  but  oonditions 
used  did  not  achieve  actual  dyeing.  Other  conditions  using  SCF  oonditions 
will  be  tried  under  another  current  project,  "Interaction  of  SCF  With 
Polymers" . 

D.  D^xilymerizaticn  Studies  Under  Supercriticed.  Fluid  Oonditiens 

Previous  results  indicated  that  nearly  ocrplete  dqpolymerization  of 
polyamides  ocxild  be  achieved  in  SCF  methanol.  To  further  investigate  this 
finding  we  eiftended  the  original  experiments  to  find  out  what  cxxiditions 
were  naoessajY  to  totally  degrade  the  polymer  and  to  provide  materied  for 
full  identification  of  the  monomeric  products. 
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The  experiments  v^ere  ocnducted  in  a  Parr  bcnb.  A  sample  of  polymer  was 
wei^ied  into  a  glass  insert  along  with  50  mL  of  solvent  and  placed 
inside  the  bcnb.  The  bcnb  wzis  sealed  and  {pressurized  by  externally 
heating  it  to  tne  criticeLl  i4Mupei.atur3.  The  tenpcrature  inside  the  glass 
liner  and  bcnb  were  identiezd  and  were  maintained  throir^iout  the  duration 
of  the  experiment. 

At  the  ^xecified  time  the  bcnb  was  cooled  to  rocn  tenperature  and 
opened.  The  contents  were  filtered,  washed  with  methanol,  and  analyzed 
for  ccnpositicxi  by  infrared  spectroecopy. 

The  following  Table  8  lists  the  samples  and  conditions  used  in  this 
study. 

TABI£  8 

Treatment  Schedule  for  Depolymerization  Reactions 


Polymer 

Solvent 

Tenp.  (®C) 

Press. (psi) 

Time(h) 

1. 

NYD»I  6,6 

ACETONITRIIE  275 

600 

2 

2. 

NYLa^  6,6 

If 

245 

650 

12 

3. 

NYKW  6,6 

MEX» 

260 

1040 

2 

4. 

II 

ti 

250 

1000 

12 

5. 

NYLON  6 

II 

250 

1500 

2 

6. 

II 

It 

250 

1500 

12 

7. 

POLYBlHEIHYIfNE 

TES^EFffZHAIATE 

II 

250 

1500 

12 

8. 

POLYBOTYIENE 

TE^^EFHIHAIATE 

II 

250 

1450 

6 

9. 

POLYCARBONATE 

II 

250 

1400 

5 

10. 

KEVLAR 

If 

250 

1450 

24 
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In  the  runs  with  nylcai  6,6  and  acetmitrile  as  the  supercritical 
solvent, the  product  was  obtained  as  a  solid  char  mixed  with  solvent. 

Ihere  was  a  small  amount  of  flooculent  vhite  precipitate  su^jended  in  the 
solvent  above  the  char.  The  white  precipitate  was  filtered  frcm  the  char 
and  identified  eis  nylcxi  6,6  by  infrared  ^jectrosoopy  (KBr,  pellet) . 
Apparently  this  white  precipitate  is  original  polymer  that  had  dissolved 
under  supercritical  ccxiditiais  and  precipitated  out  of  soluticxi  vhen  the 
reaction  was  cooled.  An  infrared  scan  an  the  black  char  materieil 
indicated  that  it  was  still  substantially  nylon  6,6  but  it  had  been 
considerably  degraded.  We  ccaxiluded  that  in  these  runs  the  teanperature 
was  too  hi<^  and  the  primary  reaction  was  thermal  degradation  of  the 
polymer. 

When  methanol  was  used  as  solvent  for  nylon  6,6  polymer  a  dark,  gumny 
residue  was  formed.  In  addition,  a  porticxi  of  the  polymer  had  been 
degraded  into  products  that  were  identified  by  infrared  as  a  mixture  of 
iriOTicmeric  ccnponents  and  oligomers  of  the  nylon  polymer.  S^jaration  of 
the  reaction  mixture  was  attempted  and  fractions  were  collected  tiiat  were 
identified  as  hexamcthylsne  diamine  and  the  corresponding  co-mcncroer, 
dimethyl  adipate.  Again  the  criticeil  tenperature  of  metheinol  is 
sufficiently  hi(^  that  thermal  degradaticxj  processes  compete  with  amide 
aLLccholysis. 

Similar  results  were  obtained  with  nylcxi  6.  With  this  polymer  snail 
amounts  of  the  monomeric  ester  were  obtained  adcng  with  a  launge  portion  of 
thermally  degraded  materiad. 

The  polyester  samples  were  more  amenable  to  alcoholysis  and  gave  a 
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very  deem  reaction.  V8ien  the  bcnb  was  opened  vihite  carystals  were  present 
in  the  methanol  solvent.  These  were  filtered  off.  When  the  filtrate  was 
oonoentrated  and  cooled,  an  edditional  batch  of  crystals  was  oollected. 

The  filtrate  from  this  was  evaporated  to  an  oil  and  an  infrared  spectrum 
of  this  oil  indicated  the  presence  of  the  diol  moncaneric  ocnponent.  The 
white  crystals  were  identified  as  methylterephthdate.  Yields  greater 
than  50%  of  methyl  ter^thzdate  moncoier  were  obt2uned  from  both  the 
depolymerization  of  polihutylene  tertphthdate  and  polyethylene 
ter^hthalate . 

The  reacticn  with  Kevlar  did  not  produce  appreciable  amounts  of 
products  althcu^  the  odor  of  phenylenadiamine  could  be  detected  when  the 
reacticm  vessel  Wcis  opened.  Attempts  to  isolate  the  diamine  ocnponent 
were  not  successful.  Apparently  the  conditions  in  this  run  were  not 
sufficiently  severe  to  cause  methanolysis  of  the  aromatic  amide  grcup. 

E.  Polymerization  Reactions  in  Sipercriticd  Flxiid  Media. 

Since  it  was  determined  that  d^»lymerizaticn  reactions  of  polyamides 

and  polyesters  could  be  achieved  under  SCF  conditions,  it  was  of  interest 

to  investigate  whether  the  equilibrium  for  depolymerization  could  be 

reversed  to  produce  polymeric  naterial.  In  order  for  the  polymerization 

condensation  reaction  to  proceed,  it  was  necessary  to  di^laoe  the 

reaction  toward  the  formation  of  polymer  by  renovzd  of  the  oo-reaction 

product,  water.  Tt>  acocnplish  this,  acetonitrile  was  used.  Hydrolysis  of 

the  nitrile  under  the  reaction  ocnditions  was  esq^ected  to  utilize  the 

water  formed  in  the  polymerization  reaction  and  irreversibly  form 
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acetamide.  Polymerizaticxi  experiments  were  tried  usir»j  adipic  acid  eind 
1,6-hexanediamine.  These  cOTiditions  are  shown  in  Table  9. 

TABLE  9 

Polymerizaticxi  ReacticxTS  Under  SCF  Ocxiditicns 

Reactants  Solvent  Testp.^C  PSI  Time  Yield 


1. 

Adipic  Acid/1,6 

Hexanediamine 

CH3CN 

280 

750 

2h 

>40% 

2. 

ft 

If 

•f 

270 

750 

0.3h 

100% 

3. 

If 

If 

002 

40 

2000 

2h 

— 

Runs  1.  and  2.  gave  similar  results  exc^  that  the  yield  of  polymer 
obtained  in  the  two  hour  run  was  less  (40%)  than  in  the  20  minute  run 
(100%) .  This  finding  indicated  that  the  mechanism  to  form  polymeric 
material  was  being  carplicated  by  thermal  degradaticxi  process  and  that 
copopeting  reactions  were  taking  place.  In  both  cases  a  soluticai  was 
obtained  after  the  reacticxi.  This  was  evaporated  to  a  solid  residue, 
vAiich  was  extracted  with  acetone.  The  solid  was  identified  by  infrared  as 
the  expected  nylon  6,6  polymer.  Solution  viscosity  measurements  on  the 
polymers  from  both  runs  indicated  that  low  molecular  wei<^t  material  had 
been  formed. 
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Reactions  that  were  run  in  SCF  caxlxxi  dicocide  shewed  similar  results. 
The  infrared  spectra  of  the  isolated  polymers  were  less  well  resolved  than 
that  of  the  polymers  prepared  in  aoetcrdtrile  alone;  but  the  appearance  of 
a  strong  amide  band  at  1630  csT^  was  distinctly  evident.  A  cenoem  in 
these  reactions  weis  the  possible  formation  of  carbamates  of  the  amine 
moncnier;  however  no  evidence  for  this  product  was  observed  in  the  reaction 
mixture.  Solution  viscosity  measuremaTts  on  these  polymers  were  not  run. 

V.  oarausioNS 

PreliminEury  ejqjeriments  using  si^jercritical  carbon  dioxide  to  extract 
polymers  have  shown  variable  results  for  tensile  tests.  All  of  the 
extraction  runs  indicated  that  vexy  little  or  no  material  had  been  removed 
from  the  polymer  and  that  polymer  solubility  using  supercritical  carbon 
dioxide  as  a  solvent  was  probably  not  a  viable  route.  In  ^ite  of  this 
fact  the  preliminary  tensile  test  results  are  sufficiently  encouraging  to 
reccninend  some  oontinuaticn  of  work  in  this  Eu?ea,  e^^ecieilly  with  more 
E^ropriate  solvents.  As  an  exanple,  it  would  be  useful  to  study  the 
effects  of  low  moleculEu:  wei(^t  hydrocEU±ion  solvents  liJce  ethane,  propane, 
eind  butane  on  the  Spectra  fibers. 

Experiments  using  additives  to  the  si^)ercritical  fluid  should  be  tried 
with  VEurious  hic^  performanoe  fibers. 

The  results  with  the  static  supercritical  fluid  system  were 

premising.  The  finding  that  certain  polymers  could  be  occpletely 

dissolved  or  depolymerized  with  a  sipercriticEd  solvent  such  as  methanol 

was  unexpected  and  heis  important  isplications.  Future  work  in  this  area 
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shculd  be  carried  out  to  determine  optimal  csonditions  and  to  more  fully 
characterize  the  d^xslymerizaticxi  products  observed. 

Dyeing  under  SCF  conditicxTs  occured  c»iLy  with  the  more  SCF  ceudxxi 
dioxide  soluble  anthraquincsie  dye.  Ihe  indication  here  is  that  with 
selected  SCF  soluble  dyes, the  dyeing  process  may  be  possible. 

As  yet,  the  ej^eriments  to  explore  the  possibility  of  using 
supercritical  fluids  as  solvents  for  polymerization  reacticxis  has  cnly 
scratched  the  surface  of  vAiat  could  be  a  productive  euea  for  research. 

As  mentioned,  work  on  SCF  vinyl  polymerization  is  in  progress  by  other 
workers.  Our  experiments  were  designed  to  carry  out  ocxidensaticn 
polymerizations  and  dyeing  of  fibers  in  supercritical  fluids. 
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